In this study, a hydrographic map of a South Florida canal is prepared using RTK GPS (Real Time Kinematic Global Positioning System) measurements combined with a hydrolite (single beam echo sounder). RTK GPS measurements are made using both single RTK and Network RTK systems. Digital sounding measurements taken by hydrolite are compared to manual lead line measurements. Single RTK and Network RTK results differed in the order of tenth of a foot accuracy for horizontal coordinates and for height measurements variations can go up to several tenths. Sounding results indicate a best-fit trend line with a slope of 0.993, and an R squared value of 0.972, demonstrating that hydrolite measurements and manually collected depths at this site are well correlated.
Introduction
Using GNSS (Global Navigation Satellite System), positions can be determined in the sense of point positioning and relative positioning. With point positioning the coordinates of points are determined with respect to a welldefined coordinate system using three coordinate values. On the other hand, with relative positioning the coordinates of points are determined with respect to another point, taking one point as the origin of a local coordinate system (Wells et al., 1999) . As such, relative positioning is the most precise GPS (Global Positioning System) positioning because this method removes most of the errors by utilizing the differences in either the code or carrier phase *Corresponding Author: M. Berber: Dept. of Civil and Geomatics Engineering, California State University, Fresno, CA, USA, E-mail: muberber@csufresno.edu W. Wright: Dept. of Geosciences, Florida Atlantic University, Boca Raton, FL, USA ranges from the satellite signal (Ghilani and Wolf, 2007) . Relative positioning techniques currently being used in surveying include static, rapid static, pseudo-kinematic, kinematic, and real-time kinematic (RTK) methods. The most productive form of relative positioning is RTK method since coordinates of points are instantly determined in the field with a few seconds observation at a point.
The RTK method requires two or more receivers to be operated simultaneously. One receiver occupies a reference station and broadcasts raw GPS observations to the roving unit(s) via radio. At the rover, the GNSS observations from both receivers are processed in real-time by the unit's on-board computer to produce an immediate determination of locations (Ghilani and Wolf, 2007; Kavanagh, 2009 and VanSickle, 2008) . This technique is known as single RTK method. The main disadvantage of this technique is that as the distance between the base and the rover increases, the accuracy of positioning decreases. This is because as the distance increase between the stations, range measurements become more and more uncorrelated and this limits the ability to resolve the atmospheric and orbital errors. To overcome this drawback, the Network RTK method has been developed. An RTK Network is a network of permanent GNSS receivers that continuously stream satellite observations to a central server in which combined data is used to generate RTK corrections for precise positioning use within the area of reference station coverage. In this study, the Florida Permanent Reference Network is used.
Hydrographic surveying is the practice of measuring depth and bottom configuration of water bodies and is very similar to determining elevation and terrain configuration on the surface of the earth. Locations of points where soundings (i.e., depth measurements) are taken may be determined using terrestrial techniques; however, RTK GPS is more convenient and economical. RTK GPS is ideal for establishing sounding locations for hydrographic surveys and for guiding the boat along planned range lines on larger water bodies. With its many advantages, RTK GPS has replaced other hydrographic positioning techniques (Ghilani and Wolf, 2007) . For hydrographic surveys utilizing RTK GPS, a base station is set up over a known control.
As survey continues, this base station transmits observations and corrections to the rover via radio. The rover combines this data with its own observations and determines its corrected 3D position in real time.
Depth measurements have historically been taken using sounding pole or lead line, but since the advent of sonar, this has been mechanized. Sonar depth measurements are made by sending sound waves downward from a transducer and recording the travel time of the sound waves reflected from the bottom of the water column. Having determined the speed of propagation of sound in water, the elapsed time between the transmission and the reception of the signal allows for the calculation of the distance. Hence, depth of water is measured and bottom of water is mapped in 3D. Bottom contours or digital surface models can be produced by combining location information with spot depth measurements. Hydrographic maps are similar to topographic maps and therefore they are easy to interpret.
In this paper, a hydrographic map of a south Florida canal is produced using RTK GPS measurements combined with a hydrolite single beam sonar system. RTK GPS measurements are made using both single RTK and Network RTK systems. Additionally, digital sounding measurements taken by hydrolite are compared to manual lead line measurements for calibration.
Surveys
Triple frequency GNSS receivers (Leica GX1230) and a hydrolite are used to collect the measurements. Hydrolite is a single beam echo sounder attached to a GPS system and it quickly measures and logs depths, facilitating the mapping of the bottom surfaces of rivers, lakes, seas and oceans (see Fig. 2 ). Nonetheless, it is recommended for shallow waters because its range is between 1 and 250 ft. Measurements are taken in the Earman River canal in Palm Beach County, FL (Fig. 1) . The survey area for this study was centered on the Florida East Coast (FEC) railway bridge crossing the Earman River, and extended downstream about 300 ft to a concrete dam and spillway structure, and upstream about 650 ft.
Base Station 1 (BS1) was set up and coordinated using FDOT (Florida Department of Transportation) Network RTK system VRS (Virtual Reference System) RTCM 3.1 (Radio Technical Commission for Maritime Services). A more in depth description of the FDOT Network RTK system is found in Berber and Arslan (2013) . While making RTK measurements, static data was also stored in the base re- ceiver and post-processed by combining CORS (Continuously Operating Reference Station) data downloaded from NGS (National Geodetic Survey) and IGS (International GNSS Service) website. To process static data Palm Beach (PBCH) station was chosen as it is the closest CORS station to the project site -approximately 8.7 miles from the site. For the measurements on the west side of the bridge, the base station unit was moved to point BS2 (Base Station 2). This base station was also coordinated using FDOT Network RTK system as described for BS1. The base station collected more than 2.5 hours of data in order to provide precise post-processing corrections at both BS1 and BS2. RTK measurements were collected at each point for 2 min and then averaged. The points were visited at the beginning of the survey to begin with measurements and at the end of the survey for checking purposes. To collect RTK measurements, a 2 m range pole with a bi-pod is used. All computations are referenced to NAD83 (Epoch 2002) since this is the established datum for Florida Permanent Reference Network system. All data are reported using US survey feet.
BS1 and BS2 stations transmitted RTK signal for the rover attached to the hydrolite system which is used to take depth measurements.
In order to calibrate the acoustic velocity for acoustic sonar measurements, a bar check was performed as described in the sonarmite user manual (Seafloor systems, 2014). 21 independent depth measurements were also taken by lead line to provide a redundant measure of depth (and thus velocity). 
Results
First, base station coordinates obtained using static survey are compared against Network RTK results.
As can be seen in Table 1 , there are differences among coordinates obtained using the two approaches, with height coordinates differing more than horizontal coordinates. In order to provide a redundancy check, control points FDOT, KS1, and KS2 were also visited (see Fig. 1 ). First, these three points were coordinated using FDOT Network RTK, then revisited referencing base stations 1 and 2. The results are displayed in Table 2 . The repeated measurements of control points with differing systems allow us to quantify the amount of error in the GPS coordinates taken during this survey.
If we look closely to the results in Tables 2, the coordinates obtained using BS1 and BS2 are closer to each other than the results of Network RTK. The coordinates obtained using BS1 and BS2 are closer because as seen in Fig. 1 , these base stations are very close to the three coordinated points (FDOT, KS1 and KS2). Network RTK results are slightly different because Network RTK yields results in the order of tenth of a foot accuracy for horizontal coordinates and for height measurements variations can go up to several tenths.
The hydrolite sonar system measures depth soundings at a rate of 6 times per second and transmits the value to the GPS data collector continuously via wireless Bluetooth connection. As the GPS data collector acquires a location, the most recent depth value received from the hydrolite is recorded with the coordinates. For this survey, the GPS rover was configured to record location and sonar depth every 3 ft. Transects were made roughly perpendicular to the canal banks and spaced in 50 ft intervals. This survey method resulted in over 1600 points with GPS location and depth within the study area, which are shown in Fig. 3 . In order to calibrate the velocity of sound through water and to calculate sonar depth values, lead line measurements were also taken at 21 locations, as shown in Fig. 1 . The flow in the Earman river canal was slow at the time of this survey, so there was little or no sagging effect on the lead line measurements. The results of these manual measurements are shown in Fig. 4 , with depth values collected via sonar plotted against manually recorded lead line depths. This figure shows a best-fit trend line with a slope of 0.993, and an R squared value of 0.972, demonstrating that sonar and manually collected depths are well correlated.
Values showing the greatest error in Fig. 4 typically lie below the trend line, meaning that the sonar recorded a shallower depth than manual tape readings. This is likely the result of the sonar receiving returns from vegetation existing at these spots in the riverbed. Finally, hydrographic map of the canal is shown in Fig. 5 . During the survey, it was confirmed by observing that there was vegetation at the bottom. It was possible to see vegetation at the bottom especially in the shallower areas, and also the authors could feel it while lowering the lead line. Therefore, it can be stated that this sonar method is useful if there are no or few vegetation growing at the bottom but also this assumption is valid for other sonar methods as well since sound waves are reflected by vegetation.
Conclusions
It is our recommendation that for the most precise results, control points should be coordinated using CORS stations instead of Network RTK. The closet CORS station to the site should be chosen and final precise orbits from IGS used. In addition, RTK base stations should be as close as possible to the project site since the accuracy of positioning decreases as the distance between base and rover increases. Network RTK was not an appropriate method during this survey, as connectivity over the cellular uplink was repeatedly lost, which did not allow the GPS to collect measurements in automatic mode. Our results indicated that variations between single RTK and Network RTK results are about tenth of a foot for horizontal coordinates and for height measurements variations can go up to several tenths.
We also recommend that caution be taken when using sonar to find precise depths, as aquatic vegetation may yield erroneous errors. Several lead line measurements should be taken in conjunction with sonar measurements in order to calibrate acoustic velocity through the water column and to check for an overall accuracy of the data. Lead line measurements should also be taken in low flow scenarios, as an increase in lead line sag would yield higher values for depth. Performing these lead line measures in conjunction with sonar data should yield the most accurate depth data possible while also supplying a redundancy check. All in all, our result show a best-fit trend line with a slope of 0.993, and an R squared value of 0.972, demonstrating that sonar and manually collected depths are well correlated.
